The appearance of unusually large Au-Au bond distances in linear atomic chains (LACs) of Au nanowires is commonly attributed to the presence of atomic impurities. However, the origin of those contaminants is unknown. We present a study based on density functional theory calculations using quasistatic (T = 0) and finite-temperature ab initio molecular-dynamics simulations of a possible route for the formation of atomic impurities in Au nanowires. This process starts with the adsorption of an O 2 molecule followed by a CO molecule on Au LACs, leading to the formation of an intermediate O 2 CO complex. Upon thermal activation at finite temperatures, the complex is able to proceed to oxidation forming a CO 2 molecule and leaving an atomic O impurity in the Au LAC.
I. INTRODUCTION
One of the very exciting achievements of nanoscience, at the turn of the 20th century, was the fabrication of very thin suspended gold nanowires with interesting properties [1] . Experiments in the subsequent years showed the production of thin nanowires (NWs) as thin as a linear atomic chain (LAC) with 4-10 atoms [2] [3] [4] . Theory and simulations also produced the evolution of thin NWs showing the formation of LACs [5] [6] [7] [8] . These nanostructures present avenues of research with interesting possibilities as nanocircuits, filters, and catalysts.
The observation of large bond distances in LAC NWs, around 3.6Å, intrigued researchers [1, 2, 4] . Several computational studies on Au NWs failed to find such long bond lengths in pure Au NWs [5, 6, 8] . Experimentalists and theoreticians started to look for foreign agents to explain such large bond lengths, and light atomic impurities were considered to be the reason for the large distances. Electron microscopy, used to image Au NWs, was unable to "see" these small atoms due experimental difficulties of contrast. In the other front, theoreticians were able to ask and answer these questions with the study of the effect of impurities in the LAC of these NWs [9] [10] [11] [12] . This line of research has contributed interesting effects, such as the case of oxygen (O) atomic impurities, proposed as clamps that aid the production of longer LACs in Au NWs [13] . Theoretical predictions [13] were experimentally verified [3, 4] . The reason for the consideration of impurities comes from the fact that even in ultrahigh vacuum used in the experiments, the chamber always contains molecules such as O 2 , CO, CO 2 , and H 2 O, among others [4] . It might be possible that these molecules would contribute somehow to the formation of the single atom impurities. One question remains a mystery: what is the origin of these atomic impurities, and how do they end up in the LAC? The present article gives a possible answer to this experimental question of the formation of single impurities, and for this reason we investigate Au NWs with LACs of three and four atoms and the routes for the formation of these atomic impurities.
Gold is well known for its nonreactivity, being one of the noblest metals, when in bulk form. As sizes decrease and Au nanostructures are considered, it can become a good catalyst. Since the work of Haruta [14] that showed CO oxidation catalyzed by supported gold nanoclusters, intense research considered Au nanoclusters as important catalysts [15] . According to Huchings and Haruta [16] , the importance of gold as a good catalyst is due to the discovery showing that supported Au nanoparticles are very active for lowtemperature CO oxidation [14] . In the search for hydrogen oxidation, they found that composite oxides of gold with some transition metals of group VIII (Fe Co, and Ni) were much more active for CO oxidation than for H oxidation. Later it was found that these gold composites were gold nanoparticles on oxide supports such as Fe 2 O 3 , Co 3 O 4 , or NiO. Further studies concluded that the nanoparticle size is crucial to the catalytic activity [17] . Another influence on the oxidation is the type of support of the gold nanoclusters, e.g., TiO 2 , Co 3 O 4 , and Fe 2 O 3 [18] . Also, the preparation conditions are very important because they can affect the final shape of the nanoclusters [19] . Theoretical attempts to understand the CO oxidation mechanisms were undertaken [20] [21] [22] [23] [24] . These works tried to find the best scenarios for the reactions to take place. More recently, new and interesting results were published in the case of adsorption of O 2 in Au clusters supported in MgO film. This work showed the formation of one-dimensional gold oxide at the perimeter of the Au nanocluster, with new O states favoring CO oxidation [25] . Thus, nanoclusters supported on surfaces have long been targeted from experimental and computational techniques since they expose metal atoms in a wide range of geometrical configurations and low coordination numbers. At times the catalytic role played in different processes has been elucidated, but there are still open questions in this area of research.
Small molecules that exist in the atmosphere, such as H 2 , O 2 , CO, CO 2 , and H 2 O, do not react with Au. Au nanostructures, on the other hand, exhibit reactivity, and Au nanoclusters have been extensively studied in the role of catalysts. Many experiments on Au NWs, such as high-resolution transmission electron microscopy (HRTEM) experiments, work in ultrahigh vacuum, but even in these clean environments, the chamber always contains some of these small molecules [4] . This fact, along with the reactivity of Au nanostructures other than nanowires, was the reason for the study of the effect of O 2 and CO molecules in the gas phase approaching the Au LAC. The present systems, namely Au NWs, offer opportunities in this regard, since the reactions studied occur at the linear atomic chain of the NW (see Fig. 1 ), where LAC atoms are very low coordinated (two Au neighbors) and it is possible to control their bond lengths in experiments such as mechanically controllable breaking junctions (MCBJ) [26] . This control is in fact an important factor for the O 2 reaction that in the present case can be driven by mechanical or thermal effects, as will be explained later. Although this work is not aimed at developing a new catalytic process, it presents a pathway involving the CO oxidation promoted by Au LACs, causing the insertion of single impurities in these LACs and therefore explaining the origin of the unusual large distances. This paper presents a possible route to the formation of a single atomic impurity in Au NWs. To address this problem, NWs with LACs of four atoms are used. The reason is that they correspond to the initial situation encountered in the experiments [4] , where it appears that pure Au NWs with chains of around four atoms may adsorb impurities such as O, which was shown to help the formation of longer LACs [13] .
Section II discusses the methodology employed to perform the present study. Then, Sec. III uses the methodology to discuss a chemical route that leads to the formation of an atomic impurity in the Au LAC. This is the case for the formation of an O impurity, which is of particular interest since O was previously singled out as an agent that helps the formation of longer Au LACs [3, 4, 13] . This article details this process and lifts the mystery of the origin of the O atomic impurity in Au-LAC NWs, providing an oxidation route facilitated by the catalytic contribution of the Au-LAC. Finally, Sec. IV presents the conclusions of this work, along with some possible applications of this process.
II. METHODS
Our results are based on DFT calculations [27, 28] . All calculations used the generalized gradient approximation (GGA) functional under the Perdew-Burke-Ernzerhof (PBE) implementation [29] and norm-conserving pseudopotentials [30] . The pseudopotentials included the 2s and 2p orbitals for O and C and 5d and 6s for Au [31, 32] , using the SIESTA code. The calculations used numerical orbitals as basis sets [33] ; all atoms were described by a split valence double-zeta basis with polarization function (DZP). A supercell was defined with periodic boundary conditions to define a chain geometry, including a vacuum space of 30 × 30Å in the perpendicular directions to the chain to avoid interaction between the NW and its images. The Brillouin zone sampling used the Monkhorst and Pack k-points (eight points along the NW direction) [34] . The T = 0 electronic structure calculations were performed using the conjugate gradient (CG) method, in which all force components were smaller than 0.007 eV/Å. The confining energy shift was 0.07 eV. The cutoff for the grid integration was 300 Ry for the CG calculations and 250 Ry for the molecular-dynamics simulations. Ab initio molecular dynamics (AIMD) as implemented in SIESTA was used with a procedure similar to previous works [35, 36] . The AIMD simulations were performed in the microcanonical ensemble with rescaling of temperature for a target temperature of 500 K [36] . The equations of motion were integrated by the velocity Verlet algorithm with a time step of 1 fs. The system was thermalized at 300 MD steps (not shown in the figures). The Au NWs with LACs of four atoms had 44 atoms for the CG calculations. The AIMD calculations of the evolution of the Au-O 2 CO complex were done using a system containing 32 Au atoms. The two most external Au rings were removed to allow less time-demanding simulations as previously reported [36] . Tests showed that the behaviors of both systems are very similar. These structures came from previous works [5, 6, 13] . All snapshots presented in Figs. 1, 2 , and 4 were produced using the open-source code JMOL [37] .
III. RESULTS
The interaction of O 2 molecules with Au structures, namely Au nanoclusters, free or supported on surfaces, has been studied extensively but is not fully understood yet. In this work, we aim to gain insight into a different system. We focus on the O 2 interaction with thin Au NWs as a precursor for the formation of atomic O impurities that have been reported previously and theoretically studied. To find these sites, O 2 molecules were left at the vicinity of the Au NW. To achieve this goal, we considered Au NWs with linear atomic chains (LACs) of three and four atoms, and O 2 molecules at different positions close to the NW, both the tips and the atomic chain. In this work, only NWs with four atoms in the LAC are discussed. Figure 1(a) shows one of these NWs in which the bond length of the Au LAC atoms is on average 2.9Å. Many studies of the approach of an O 2 molecule were attempted, using both CG and AIMD. While O 2 attached to Au atoms at the tips, in the chain the stable position was between two Au atoms, bridging the bond and forming Au-O-Au (with the second O sticking out of the structure) or Au-O-O-Au structures. To find these sites, O 2 molecules were left at the vicinity of the Au NW. In the CG process, initially, O 2 molecules were placed 2.0Å above the middle point of an Au-Au bond or above one Au atom and then the structure was allowed to relax. The most interesting cases were the O 2 adsorptions at the central point of the four atom LAC. Figure 1 shows the NW and the O 2 in the gas phase (frame 1) and the O 2 inserted in the central Au-Au LAC bond (frame 2). The NW was considered with different degrees of stress, which resulted in different Au-Au bond distances for the LAC atoms. As a result, many outcomes occurred. We found that NWs with little tension (Au-Au average distances of around 2.6Å) do not adsorb O 2 molecules, presumably due to a lack of space in the Au-Au bonds. If the LAC is too stressed (Au-Au average distances longer than 2.9Å), the O 2 molecule is inserted with both atoms, forming a peroxy structure Au-O-O-Au. The most interesting case is when the stress is moderate and Au-Au average distances are in the range of 2.7-2.9Å. In those cases, the O 2 molecule is adsorbed into the LAC but only one O atom bonds to the Au-Au chain forming Au-O-Au bonds [ Fig. 1(b) and also Fig. 2(a) ]. This result was found using both CG calculations and AIMD simulations at T = 300 K. Figure 2(a) shows the final stage of the AIMD evolution of the O 2 molecule. A film (VIDEO-1 provided in the supplemental material [38] ) illustrates the O 2 molecule approaching from the gas phase and the adsorption process to the Au LAC leading to the formation of a stable structure, which is the precursor of the next stage.
The initial process considered was the adsorption of an O 2 molecule on the LAC (Fig. 1) , which turned out to be favorable (−0.89 eV). Further adsorption of a CO molecule is also favored (−1.92 eV), and it led to the formation of an O 2 CO complex that upon activation proceeds to the oxidation and release of a CO 2 molecule.
The O 2 adsorption energy varies quite significantly with stress, which changes the average Au-Au LAC bond length. For average Au-Au distances of 2.7Å, it is −0.41 eV (which is comparable with values reported by Yoon et al. [39] ), while for Au-Au distances of 2.9Å, it is −0.89 eV. This fact illustrates significant differences from nanowires with respect to surfaces and clusters in which the atom-atom distances are more restricted because of the three-dimensional arrangement. Thus, in nanowires those distances can be controlled by stress, opening new adsorption scenarios. In fact, CMBJ experiments can control the stress on the NW. Our simulations mimic this feature available in thin metal NWs.
A CO molecule can also be adsorbed on the LAC next to the O 2 -LAC forming a stable O 2 CO complex. Upon activation mediated by mechanical deformations or thermal fluctuations, this complex follows an oxidation pathway forming a CO 2 molecule and leaving a single O atom inserted in the LAC. It is well known that the oxidation of CO is a process hindered by a high-energy barrier, and only catalytic activity allows that process to take place [40] . Most of the pathways proposed involve the presence of O adatoms which interact with the adsorbed CO forming the CO 2 [21] . It has also been suggested that this oxidation reaction occurs in Au steps and Au clusters supported on MgO, through the formation of a metastable intermediate O 2 CO complex [21, 23] similar to the ones observed in our studies.
The stable structure depicted in Fig. 2(c) has some interesting features worth mentioning. It forms an α angle of 106
• [see also the inset in Fig. 5(a) ]. CG calculations with the complex rotated to an angle of 100.8
• , which increased the O(1)-O(2) bond, made the complex unstable and led to the formation of a CO 2 molecule, leaving an O atomic impurity adsorbed in the LAC. If the energy barrier for this process is modest, it could occur due to thermal fluctuations. To verify this possibility, we performed AIMD simulations at 500 K. Therefore, the stable O 2 CO complex obtained from CG calculations [ Fig. 2(c) ] was taken as input to AIMD simulations. After thermalization, the evolution of the structure as observed was indeed a concerted process that occurred in many different simulations. We shall describe in detail one of these processes at temperature 500 K.
The formation of the complex assisted by the NW occurs with no energy barrier when a CO molecule approaches the Fig. 3 shows σ C-O bonds that will evolve to form the CO 2 molecule. The electron density contributions to these bonds in the O 2 CO complex can be visualized from representative regions (depicted in colored boxes associated with the insets) in the DOS plot of Fig. 3 . The DOS corresponds to the complex structure depicted in Figs. 2(c) and 4(a) .
In the AIMD simulation, the O 2 CO complex depicted in Fig. 4(a) stays stable for a period of time. When the O(1)-O(2) bond increases, a concerted process starts and the formation of CO 2 occurs rapidly. To verify this result, we also performed the AIMD simulation using a Nose-Hoover thermostat (as implemented in the SIESTA code) at the same temperature, and the reaction occurred similarly. In the supplemental material, videos (VIDEO-2, VIDEO-3, VIDEO-4) illustrate the reaction using both AIMD procedures. bond breaks and the O-C-O structure transforms into a CO 2 molecule, which goes into the gas phase as seen in Fig. 4(e) .
To prove the above statements, Fig. 5 shows the evolution of some important distances and angles along the AIMD 085417-4 simulation. Graph (a) shows the evolution of the α-angle. It can be seen that under the fluctuations, this angle can go to smaller values which are not responsible themselves for the rupture of the bonds. In fact, the smaller angles have to be accompanied by other factors such as the weakening and breaking of the O(1)-O(2) bond and the strengthening of the Au(2)-O(1) bond [see the inset of graph (a)]. The behavior of the β-angle is depicted in Fig. 5(b) , where one can see the opening of this angle toward the value of 180
• , which is the angle of the CO 2 molecule in the gas phase when the O(1)-O(2) bond breaks around frame C. Figure 5(c) shows the behavior of O(1), the oxygen attached to the Au atoms. As the O(2) breaks its bond with O(1), the Au(2)-O(1) bond distance shortens and becomes equal to the Au(3)-O(1) bond. The average Au(2)-O(1) bond distance depends on the stress of the NW. If this bond is larger due to stress, it hinders the occurrence of the reaction. Figure  5(d) shows the behavior of the O(1)-O(2) distance, which starts to increase in frame B, just before the increase of the Au(2)-C bond at frame C resulting in its breaking and the formation of a CO 2 molecule. Therefore, the CO 2 molecule leaves an atomic O impurity in the LAC NW.
IV. CONCLUSIONS
In conclusion, we used state-of-the-art computer simulations to perform DFT calculations (CG and finite-temperature AIMD) to study the reactivity of thin Au NWs. We presented a possible route for the formation of such atomic impurities through a catalytic oxidation process involving O 2 and CO molecules resulting in a harmless CO 2 molecule and one atomic O impurity inserted into the LAC NW. We show that O 2 can be adsorbed on the LAC in different forms, depending on the degree of tension experienced by the NW. One of these situations (discussed in detail in Sec. III) describes a reaction where an O 2 molecule attaches only one of its O atoms to two Au LAC atoms. After this event, a CO molecule, that is nearby, can also attach to one Au LAC atom forming an O 2 CO complex. Then a concerted evolution motion of this complex produces a CO 2 molecule that detaches from the LAC leaving a single atomic impurity in the Au LAC. This process might unveil the mystery of the origin of O atomic impurities in Au NWs. We hope that this study will prompt interesting experiments and also the search for other routes of chemical reactions that can be catalyzed by Au NWs.
